In C. elegans, lin-7 as well as lin-2/lin-10 is involved in the proper localization of the LET-23 receptor tyrosine kinase that regulates vulval induction. The mammalian homologue, mLin-7, forms a ternary complex with the mammalian homologues of LIN-2 and LIN-10 and localizes at cell ± cell junctions in epithelial cells, but the mechanism of this localization of mLin-7 is unknown. Nectin is an immunoglobulin-like cell ± cell adhesion molecule that is involved in organization of adherens and tight junctions in epithelial cells. Nectin is indirectly associated with the cadherin ± catenin system and the actin cytoskeleton through afadin, an actin ®lament-binding protein. We showed here that mLin-7 localized at the nectin-based cell ± cell junctions. This localization of mLin-7 required the interaction of nectin with afadin, but not the cadherin ± catenin system or the actin cytoskeleton. mLin-7 did not directly interact with nectin or afadin. The results indicate that mLin-7 localizes at cell ± cell junctions through the nectin ± afadin system.
Introduction mLin-7/Veli/MALS is a mammalian homologue of LIN-7 of C. elegans (Butz et al., 1998; Irie et al., 1999; Jo et al., 1999) . LIN-7 has genetically been shown to function to localize the LET-23 receptor tyrosine kinase to the basolateral membrane of vulval precursor cells (Simske et al., 1996) . LET-23 is a homologue of mammalian epidermal growth factor receptor in C. elegans. Activation of LET-23 causes the precursor cells to proliferate and dierentiate into vulval cells (Kim, 1997) . LIN-2 and LIN-10 are additionally involved in the targeting of LET-23 to the basolateral membrane (Simske et al., 1996) . There are mammalian homologues of LIN-2 and LIN-10: mLin-2/CASK/ Camguk and mLin-10/X11/Mint1, respectively (Duclos et al., 1993; Hata et al., 1996; Dimitratos et al., 1997; Okamoto and SuÈ dhof, 1997) . mLin-7 has three isoforms: mLin-7A, -7B, and -7C (Butz et al., 1998; Irie et al., 1999; Jo et al., 1999) . Each isoform has a single PSD-95/DLG/ZO-1 (PDZ) domain, which is highly homologous to each other. mLin-7 interacts with mLin-2, which furthermore interacts with mLin-10, resulting in the formation of a heterotrimeric complex (Borg et al., 1998; Butz et al., 1998) . Moreover, mLin-7 interacts with many other proteins, including PSD-95, type 2 NMDA receptors, BGT-1, Pals, b-catenin, and VAM-1 (Jo et al., 1999; Perego et al., 1999 Perego et al., , 2000 Kamberov et al., 2000; Tseng et al., 2001) . We have previously shown that mLin-7 localizes at cell ± cell junctions including adherens junctions (AJs) in cultured Madin-Darby canine kidney (MDCK) cells, but it remains unknown how mLin-7 localizes at AJs (Irie et al., 1999) .
At cell ± cell AJs in epithelial cells, E-cadherin functions as a key cell ± cell adhesion molecule in a Ca 2+ -dependent manner (Takeichi, 1991; Kemler, 1992; Marrs and Nelson, 1996; Yap et al., 1997) . The cytoplasmic region of E-cadherin is directly associated with b-catenin which directly interacts with a-catenin (Ozawa et al., 1989; McCrea et al., 1991; Nagafuchi et al., 1991; Oda et al., 1993) . a-Catenin binds to the actin ®lament (F-actin) (Rimm et al., 1995) and two other Factin-binding proteins, vinculin and a-actinin (Knudsen et al., 1995; Watabe-Uchida et al., 1998; Weiss et al., 1998) . Thus, E-cadherin is indirectly linked to the actin cytoskeleton through these peripheral membrane proteins. These peripheral membrane proteins together with E-cadherin play important roles in the formation and maintenance of cell ± cell AJs (Takeichi, 1991) . The E-cadherin ± catenin system is furthermore required for organization of tight junctions (TJs) and desmosomes in epithelial cells (Gumbiner and Simons, 1986; Gumbiner et al., 1988; Watabe et al., 1994) . In nonepithelial cells, which lack TJs, the cadherin ± catenin system plays a crucial role in Ca 2+ -dependent cell ± cell adhesion (Takeichi, 1991) .
The nectin ± afadin system is another cell ± cell adhesion system that forms cell ± cell AJs cooperatively with the cadherin ± catenin system (Mandai et al., 1997; Takahashi et al., 1999; Satoh-Horikawa et al., 2000; Tachibana et al., 2000) . Nectin is a Ca 2+ -independent immunoglobulin-like cell ± cell adhesion molecule Lopez et al., 1998; Takahashi et al., 1999) .
Nectin comprises a family consisting of at least four members, nectin-1, -2, -3, and -4, each of which has two or three splicing variants (Morrison and Racaniello, 1992; Aoki et al., 1994; EberleÂ et al., 1995; Lopez et al., 1995; Cocchi et al., 1998; Satoh-Horikawa et al., 2000; Reymond et al., 2001) . Afadin has at least two splicing variants, 1-and s-afadins (Mandai et al., 1997) . 1-Afadin, a larger splicing variant, is an F-actinbinding protein with one PDZ domain and three proline-rich domains and connects nectin to the actin cytoskeleton (Mandai et al., 1997; Takahashi et al., 1999) . s-Afadin, a smaller splicing variant, lacks the Factin-binding domain and the third proline-rich domain (Mandai et al., 1997) . We refer to 1-afadin simply as afadin in this study. The nectin ± afadin system is ubiquitously expressed (Mandai et al., 1997; Takahashi et al., 1999; Satoh-Horikawa et al., 2000) .
In the initial stage during the formation of cell ± cell junctions, primordial spot-like cell ± cell junctions are ®rst formed at the tips of the cellular protrusions radiating from adjacent cells (Yonemura et al., 1995; Adams et al., 1998; Ando-Akatsuka et al., 1999; Vasioukhin et al., 2000) . The cadherin ± catenin and nectin ± afadin systems colocalize at the primordial junctions (Asakura et al., 1999) . The nectin ± afadin system has a potency to recruit the E-cadherin ± bcatenin complex . In epithelial cells of afadin (7/7) mice and (7/7) embryoid bodies, the proper organization of AJs and TJs is impaired (Ikeda et al., 1999) . In spermatozoa of nectin-2 (7/7) mice, the nuclear and cytoskeletal morphology and mitochondrial localization are impaired (Bouchard et al., 2000) . Nectin-1 has recently been determined by positional cloning to be responsible for cleft lip/palate-ectodermal dysplasia (Suzuki et al., 2000) . Thus, evidence is accumulating that the nectin ± afadin system plays an important role in the organization of AJs and TJs. However, it remains unknown how the nectin ± afadin system is associated with the cadherin ± catenin system or how these two systems organize AJs cooperatively.
In an attempt to isolate a molecule that is associated with the nectin ± afadin system or a molecule that connects the nectin ± afadin and cadherin ± catenin systems, we developed a new method, isolated one molecule, and identi®ed it to be mLin-7C. We show here that mLin-7C localizes at the nectin-based cell ± cell junctions, although it remains to be elucidated whether mLin-7C is a molecule that connects the nectin ± afadin and cadherin ± catenin systems.
Results
A method for identification of proteins localized at the E-cadherein-and nectin-based cell ± cell junctions
The concentration of nectin at cell ± cell junctions is higher when it colocalized with the cadherin ± catenin system through afadin than when a truncated form of nectin incapable of interacting with afadin localized independent of the cadherin ± catenin system . To identify the proteins that localize at the E-cadherin-and nectin-based cell ± cell junctions, we therefore used two cell lines, nectin-2a-full-and nectin-2a-DC-EL cells. EL cells are cloned from cadherin-de®cient L cells by introduction of the Ecadherin cDNA (Nagafuchi et al., 1987) . Nectin-2a-full-and nectin-2a-DC-EL cells are EL cells stably expressing nectin-2a-full (full length) and nectin-2a-DC [C-terminal four amino acids (aa) -deleted nectin-2a incapable of interacting with afadin], respectively. We prepared the plasma membrane fraction from nectin2a-full-and nectin-2a-DC-EL cells. We then compared the amount of each protein in the plasma membrane fraction between the two cell lines by two-dimensional polyacrylamide gel electrophoresis (PAGE).
Nectin-2a-full-and nectin-2a-DC-EL cells were separately homogenized and subjected to sucrose density gradient ultracentrifugation, followed by Western blotting with various antibodies (Abs) (Figure 1 ). E-Cadherin and nectin-2a-full or nectin-2a-DC were concentrated in Fractions 4 ± 6 from both the cell lines, Figure 1 Isolation of the plasma membrane fraction from nectin-2a-full-and nectin-2a-DC-EL cells. The homogenate of nectin-2a-full-and nectin-2a-DC-EL cells was centrifuged at 1000 g for 5 min. Each supernatant (340 mg of protein) was subjected to sucrose density gradient centrifugation. Fractions 1 and 15 represent the bottom and the top of the gradient, respectively. An aliquot (20 ml) of each fraction was subjected to SDS ± PAGE, followed by Western blotting with an anti-Ecadherin monoclonal Ab (mAb), an anti-nectin-2 mAb, an antiafadin mAb, or an anti-ZO-1 mAb. Full, nectin-2a-full-EL cells; and DC, nectin-2a-DC-EL cells. The results shown are representative of three independent experiments mLin-7 and nectin Y Yamamoto et al indicating that these fractions contained the plasma membrane. Afadin and ZO-1 were mainly concentrated in Fractions 4 ± 6 and partly in Fractions 10 ± 15. Fractions 10 ± 15 contained the cytosolic components.
In nectin-2a-DC-EL cells, the amounts of afadin and ZO-1 in Fractions 4 ± 6 were less than those from nectin-2a-full-EL cells. Conversely, the amount of afadin and ZO-1 in Fractions 10 ± 15 from nectin-2a-DC-EL cells were more than those from nectin-2a-full-EL cells. These results are consistent with our earlier observations (Yokoyama et al., 2001) and indicate that proteins possibly interacting with the cadherin ± catenin and nectin ± afadin systems may be more enriched in Fractions 4 ± 6 from nectin-2a-full-EL cells than in those from nectin-2a-DC-EL cells.
The plasma membrane fraction of these two cell lines was separately subjected to two-dimensional PAGE and stained by silver. Several proteins numbered in Figure 2 (Spots No. 1 ± 10) were more enriched in the plasma membrane fraction from nectin-2a-full-EL cells than in that from nectin-2a-DC-EL cells (Figure 2a, b) . These spots were separately excised out from the gel, digested by trypsin, and subjected to mass spectrometry. The database search revealed that the spot No. 4 was mLin-7C/Veli3/MALS3. The spot No. 7 was heterogeneous nuclear ribonucleoprotein A2/B1 and the spot No. 9 was heterogeneous nuclear ribonucleoprotein A1. Other spots could not be identi®ed. We focused here on mLin-7C/Veli3/MALS3, because it has been reported to be a membrane-associated protein (Butz et al., 1998; Irie et al., 1999; Jo et al., 1999) .
Localization of mLin-7C at the E-cadherin-and nectin-based cell ± cell junctions in nectin-2a-full-EL cells
We con®rmed immunocytochemically whether mLin-7C localizes at the E-cadherin-and nectin-based cell ± cell junctions in nectin-2a-full-EL cells. mLin-7C colocalized with nectin-2a at cell ± cell junctions in nectin-2a-full-EL cells (Figure 3a ). Afadin colocalized with nectin-2a, and mLin-7 colocalized with afadin in the cells (data not shown). In nectin-2a-DC-EL cells, Ecadherin, afadin, and nectin-2a-DC localized at cell ± cell junctions, but nectin-2a-DC did not colocalize with E-cadherin or afadin (data not shown), consistently with our earlier observation . mLin-7C did not localize at the cell ± cell junctions ( Figure 3b ). These results indicate that mLin-7C localizes at the E-cadherin-and nectin-based cell ± cell junctions.
Localization of mLin-7C at the nectin-based cell ± cell junctions in nectin-2a-full-HSC-39 cells
We next examined which adhesion system, the nectin ± afadin or cadherin ± catenin system, is involved in the localization of mLin-7C at the cell ± cell junctions. For this purpose, we used nectin-2a-full-HSC-39 cells because of the following reasons: nectin-2a-full-HSC-39 cells are HSC-39 cells, which stably express nectin2a (Peng et al., submitted). HSC-39 cells are human gastric cancer cells, which express E-cadherin but hardly form cell ± cell adhesion (Yanagihara et al., 1991) . However, nectin-2a-full-HSC-39 cells form cell ± cell junctions cooperatively with the E-cadherin ± catenin system. Furthermore, the nectin molecule, which is expressed more abundantly than endogenous E-cadherin, forms lateral clusters on the plasma membrane in a manner independent of the Ecadherin ± catenin system. Afadin, but not E-cadherin, a-, or b-catenin, colocalizes with nectin-2a at the lateral clusters. mLin-7C colocalized with E-cadherin and nectin-2a at the cell ± cell junctions and with nectin-2a at the lateral clusters (Figure 4a ). These results indicate Figure 2 Two-dimensional PAGE of the plasma membrane fraction of nectin-2a-full-and nectin-2a-DC-EL cells. The extract of the plasma membrane fraction of nectin-2a-full-and nectin-2a-DC-EL cells was subjected to isoelectric focusing (pH6 ± 11), followed by SDS ± PAGE and silver staining. Proteins, which were more enriched in the plasma membrane fraction from nectin-2a-full-EL cells than that from nectin-2a-DC-EL cells, were numbered. (a), nectin-2a-full-EL cells; and (b), nectin-2a-DC-EL cells. Inset, the number 4 spot. The results shown are representative of three independent experiments that mLin-7C localizes at the E-cadherin-and nectinbased cell ± cell junctions and the lateral clusters of nectin-2a.
No requirement of E-cadherin for the localization of mLin-7C at the nectin-based cell ± cell junctions To examine whether the localization of mLin-7C at the cell ± cell junctions does not require the cadherin ± catenin system, nectin-2a-full-HSC-39 cells were cultured in a medium containing 2 mM Ca 2+ . E-Cadherin, a-, and b-catenins disappear from the cell ± cell junctions, but nectin-2a and afadin remain at both the junctions and the lateral clusters (Peng et al., unpublished observation). mLin-7C also remained with nectin-2a at the junctions and the lateral clusters (Figure 4b ). These results indicate that mLin-7C localizes at the nectin-based cell ± cell junctions and that this localization of mLin-7C does not require the cadherin ± catenin system.
Coimmunoprecipitation of mLin-7C with nectin
To further obtain the evidence that mLin-7C localizes at the nectin-based cell ± cell junctions, we examined whether mLin-7C is coimmunoprecipitated with nectin2a in nectin-2a-full-HSC39 cells. When nectin-2a was immunoprecipitated from the extract of nectin-2a-full-HSC-39 cells, mLin-7C was coimmunoprecipitated with nectin-2a and afadin (Figure 5a ). When nectin2a-DC was immunoprecipitated from the extract of nectin-2a-DC-HSC-39 cells, neither afadin nor mLin-7C was coimmunoprecipitated with nectin-2a-DC (Figure 5b ). These results have provided another line of evidence that mLin-7C localizes at the nectin-based cell ± cell junctions.
Inability of mLin-7C to interact directly with nectin or afadin
We next examined whether mLin-7C directly interacts with nectin-2a or afadin. Neither glutathione S-transferase (GST)-nectin-2a-CP (a GSTfusion protein of the cytoplasmic region of nectin2a) nor Myc-His6-afadin bound to maltose-binding protein (MBP)-mLin-7C (an MBP-fusion protein of mLin-7C) immobilized on amylose resin beads (data not shown). These results indicate that mLin-7C does not directly interact with nectin-2a or afadin. We examined by use of this agent whether the localization of mLin-7C is dependent on the actin cytoskeleton. When nectin-2a-full-HSC-39 cells were treated with latrunculin A, most F-actin was disrupted ( Figure 6 ). Under these conditions, the nectin-2a-based cell ± cell junctions and the lateral clusters of nectin-2a remained intact. mLin-7C localized at both the junctions and the lateral clusters. These results indicate that the localization of mLin-7C at the nectin-based cell ± cell junctions and the lateral clusters is not dependent on at least the latrunculin A-sensitive actin cytoskeleton.
Stage of recruitment of mLin-7C during the formation of cell ± cell junctions in MTD-1A cells
When con¯uent cultures of MTD-1A cells, mouse mammary tumor cells (Hirano et al., 1987) , are , were doubly stained with the anti-mLin-7C pAb and the anti-nectin-2 mAb or an anti-E-cadherin mAb (ECCD2). In another set of experiments, nectin-2a-full-HSC-39 cells were washed with phosphate-buered saline and cultured in DME without serum for 1 h. The cells were then cultured in DME with 5 mM EGTA (2 mM Ca scratched with a needle, very thin cellular protrusions begin to emerge from the front edge of the wound at the initial stage of wound healing process (Yonemura et al., 1995) . At the next stage, small cell ± cell junctions are formed at the tips of these cellular protrusions, which are regarded as spot-like primordial junctions as previously reported (Yonemura et al., 1995) . Nectin-2 is concentrated at these small contact sites (Asakura et al., 1999) . We con®rmed here these earlier observations. mLin-7C was accumulated at the spot-like junctions (Figure 7) . The spot-like junctions begin to fuse to form a short line-like type of junctions (Yonemura et al., 1995) . Claudin is accumulated at this type of junctions (Fukuhara et al., unpublished observation). mLin-7C was also concentrated at this line-like junctions (data not shown). At the later stage of this process, the line-like junctions grow up to complete cell ± cell junctions (Yonemura et al., 1995) . mLin-7C was stained at this type of junctions ( Figure  7 ). These results indicate that mLin-7C is incorporated into AJs at the very early stage with a time course similar to that of the nectin ± afadin system.
Discussion
Consistent with our earlier observation in MDCK cells (Irie et al., 1999) , we have shown here that mLin-7C localizes at the E-cadherin-and nectin-based cell ± cell junctions in both nectin-2a-full-EL and nectin-2a-full-HSC-39 cells. This localization of mLin-7C is dependent on the nectin ± afadin system. However, it remains unknown whether the nectin ± afadin system is sucient for the localization of mLin-7C or whether On the other hand, the cadherin ± catenin system is not required for the localization of mLin-7C. It has been reported that mLin-7 forms a complex with cadherin and b-catenin (Perego et al., 2000) , but our result is inconsistent with this report. The reason for this inconsistency is unknown. It is unknown, either, whether mLin-7C localizes at the E-cadherin-based cell ± cell junctions in a manner independent of the nectin ± afadin system, because the E-cadherin-based cell ± cell junctions always colocalize with the nectin ± afadin system in various types of cells thus far studied. Both full-length nectin capable of interacting with afadin and C-terminal four aa-deleted nectin incapable of interacting with afadin form cell ± cell junctions . However, we have shown here that mLin-7C localizes at the cell ± cell junctions formed only by full-length nectin, suggesting that mLin-7C localizes at the nectin-based cell ± cell junctions by direct interaction with the C-terminal four aa of nectin or with afadin. Biochemical studies have revealed that mLin-7C does not directly interact with nectin or afadin. Because afadin is an F-actin-binding protein (Mandai et al., 1997) , mLin-7C may localize at the nectin-based cell ± cell junctions through the actin cytoskeleton. However, at least, the latrunculin Asensitive actin cytoskeleton is not required for the localization of mLin-7C at the nectin-based cell ± cell junctions. We have previously shown that ZO-1 is associated with the nectin ± afadin system in a cadherin-independent manner (Yokoyama et al., 2001) . It is possible that mLin-7C is associated with the nectin ± afadin system through ZO-1, but mLin-7C did not directly interact with ZO-1 (data not shown). It is currently unknown how mLin-7C localizes at the nectin-based cell ± cell junctions, but the present results indicate that mLin-7C is associated with afadin or ZO-1 indirectly through an unknown molecule in an actin cytoskeleton-independent manner. mLin-7C forms a ternary complex with mLin-2 and mLin-10 (Borg et al., 1998; Butz et al., 1998) and each of these molecules interacts with many other molecules: mLin-7 with PSD-95, type 2 NMDA receptors, BGT-1, Pals, b-catenin, and VAM-1 (Jo et al., 1999; Perego et al., 1999 Perego et al., , 2000 Kamberov et al., 2000; Tseng et al., 2001) ; mLin-2 with neurexin, syndecan, protein 4.1, calcium channels, Tbr-1, hDlg, JAM, and rabphilin3A (Hata et al., 1996; Cohen et al., 1998; Hsueh et al., 1998 Hsueh et al., , 2000 Maximov et al., 1999; Nix et al., 2000; Martinez-Estrada et al., 2001; Zhang et al., 2001) ; and mLin-10 with amyloid precursor protein, Munc-18, neurexins, and KIF17 (Borg et al., 1996; Okamoto and SuÈ dhof, 1997; Biederer and SuÈ dhof, 2000; Setou et al., 2000) . These earlier observations together with the present results suggest that these proteins directly or indirectly binding to mLin-7 are recruited to the nectinbased cell ± cell junctions. We examined by use of several currently available Abs against mLin-2 and -10 whether they colocalize with mLin-7 at the lateral clusters of nectin-2a in nectin-2a-full-HSC-39 cells, but the Abs used were not available for immunostaining and we could not obtain de®nitive results concerning this issue. It is of crucial importance to clarify which molecules localize at the nectin-based cell ± cell junc- Figure 7 Stage of recruitment of mLin-7C during the formation of cell ± cell junctions in MTD-1A cells. Con¯uent MTD-1A cell layers were manually scratched with a needle and then doubly stained with the anti-mLin-7C pAb and the anti-nectin-2 mAb, followed by immuno¯uorescence microscopy. Arrow, a spot-like junction; and Arrowhead, a maturated cell ± cell junction. Bars, 10 mm. The results shown are representative of three independent experiments tions through mLin-7C as well as to clarify how mLin-7C localizes there. It also remains unknown how the nectin ± afadin and cadherin ± catenin systems are associated, but the present results suggest that mLin-7C is unlikely to be a direct connector of these two systems.
Materials and methods

Abs
The rabbit anti-mLin-7C pAb, the rat anti-nectin-2 mAb, and the mouse anti-afadin mAb were prepared as described (Irie et al., 1999; Takahashi et al., 1999) . The rat anti-E-cadherin mAb (ECCD2) for cell staining was kindly supplied by Dr M Takeichi (Kyoto University, Kyoto, Japan). The mouse anti-E-cadherin mAb for Western blotting was purchased from BD-Transduction Laboratory (Lexington, KY, USA). The mouse anti-ZO-1 mAb was kindly supplied by Dr Sh Tsukita (Kyoto University, Kyoto, Japan).
Construction
The MBP-fusion construct (MBP-mLin-7C) containing fulllength mLin-7C (aa 1 ± 197) was designed to express the protein with the NH 2 -terminal MBP tag. MBP-Afadin-PDZ, GSTnectin-2a-CP, and Myc-His6-afadin were prepared as described Yokoyama et al., 2001) . These recombinant proteins contained the following aa: MBPafadin-PDZ, aa 1007 ± 1125 (PDZ domain); GST-nectin-2a-CP, aa 387 ± 467 (cytoplasmic region of nectin-2a); and MycHis6-afadin, aa 1 ± 1829 (full length). pCAGIPuro-nectin-2a and pCAGIPuro-nectin-2a-DC were prepared as described . These constructs contained the following aa: pCAGIPuro-nectin-2a, aa 1 ± 467 (full length); and pCAGIPuro-nectin-2a-DC, aa 1 ± 463 (C-terminal four aadeleted nectin-2a incapable of interacting with afadin).
Cell culture EL cells were kindly supplied by Dr Sh Tsukita (Kyoto University, Kyoto, Japan). EL cells were cloned by introduction of the exogenous E-cadherin cDNA to cadherin-de®cient L ®broblasts (Nagafuchi et al., 1987) . The EL cell line stably expressing full-length nectin-2a (nectin-2a-full-EL cells) or nectin-2a-DC (nectin-2a-DC-EL cells) was cloned by introduction of pCAGIPuro-nectin-2a or pCAGIPuro-nectin2a-DC, respectively. These stable transformtants were maintained in DME supplemented with 10% fetal calf serum in the presence of 5 mg/ml of puromycin (Sigma, St. Louis, MO, USA). HSC-39 cells were kindly supplied by Dr K Yanagihara (National Cancer Center Research Institute, Tokyo, Japan). The HSC-39 cell line stably expressing fulllength nectin-2a (nectin-2a-full-HSC-39 cells) or nectin-2a-DC (nectin-2a-DC-HSC-39 cells) was cloned by introduction of pCAGIPuro-nectin-2a or pCAGIPuro-nectin-2a-DC, respectively, as described (Peng et al., submitted) . These stable transformants were maintained in DME supplemented with 10% fetal calf serum in the presence of 2.5 mg/ml of puromycin (Sigma).
Isolation of the plasma membrane fraction
Nectin-2a-full-and nectin-2a-DC-EL cells (6610 6 cells) were cultured for 26 ± 28 h, washed with phosphate-buered saline, and then sonicated in Buer A (10 mM HEPES-NaOH at pH 7.5, 100 mM KCl, 1 mM MgCl 2 , and 25 mM NaHCO 3 ) on ice for 15 s six times at 3-min intervals. The homogenate was centrifuged at 1000 g at 48C for 5 min. The supernatant was diluted with Buer A into 7.5 mg/ml of protein, and 0.45 ml each was applied on a 4.2-ml continuous sucrose density gradient (10 ± 40% sucrose in Buer A) with 0.3 ml of 50% sucrose cushion, followed by centrifugation at 200 000 g at 48C for 1 h with a swing rotor (P55ST2; Hitachi Ltd.). After the centrifugation, fractions of 0.3 ml each were collected. Each fraction was subjected to SDS ± PAGE (8% polyacrylamide gel), followed by protein staining and Western blotting for E-cadherin, nectin-2, afadin, and ZO-1. The fractions in which both nectin-2 and E-cadherin were concentrated were collected and used as the plasma membrane fraction.
Two-dimensional PAGE
The aliquot of the plasma membrane fraction (0.33 mg of protein) was precipitated with trichloroacetic acid. The precipitated protein was dissolved in 150 ml of Solution A [7 M urea, 2 M thiourea, 2% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), and 10 mM dithiothreitol], to which 200 ml of Solution B (8 M urea, 2% CHAPS, and 0.0025% orange G) was added. After centrifugation at 16 000 g for 5 min, 1.75 ml of IPG buer (Amersham Pharmacia Biotech, Uppsala, Sweden) was added to the supernatant. A sheet of Immobiline Drystrip (18-cm long, pH 6 ± 11; Amersham Pharmacia Biotech) was rehydrated with this solution for 12 h, and subjected to isoelectric focusing at 500 V for 1 h, 1000 V for 1 h, and ®nally 8000 V for 12.5 h using the IPGphor isoelectric focusing system (Amersham Pharmacia Biotech). The electrophoresed strip was placed in an equilibration solution (6 M urea, 50 mM Tris-HCl at pH 6.8, 0.25% dithiothreitol, 30% glycerol, and 1% SDS) for 15 min. The strip was then reequilibrated in a reequilibration solution (6 M urea, 50 mM Tris-HCl at pH 6.8, 30% glycerol, 1% SDS, 4.5% iodoacetamide, and 0.01% bromophenol blue) for 15 min. The strip was placed on a 10% SDS-polyacrylamide gel without a stacking gel, and subjected to electrophoresis at a constant current per gel of 10 mA for 30 min, 20 mA for 30 min, and ®nally 40 mA for 3 h. Protein spots were identi®ed by silver staining (Shevchenko et al., 1996) .
In-gel digestion and mass spectrometry
In-gel digestion was performed as described (Gharahdaghi et al., 1999) with minor modi®cations. Brie¯y, a protein spot was excised from the gel, placed into a microtube, and cut into small pieces. The gel pieces were destained with 15 mM potassium ferricyanide and 50 mM sodium thiosulfate and rinsed a few times in 50% methanol and 10% acetic acid. The gel pieces were then equilibrated with 200 mM ammonium bicarbonate for 20 min and dried in a vacuum centrifuge. The proteins were digested with 0.1 mg of trypsin (Roche Diagnostics, Mannheim, Germany) in 0.1% n-octylb-D-glucoside and 200 mM ammonium bicarbonate at 378C for 2 h. The resultant peptides were extracted twice with 50 ml of 0.1% tri¯uoroacetic acid and 60% acetonitrile. After vacuum drying, each sample was dissolved in 5 ml of 0.1% tri¯uoroacetic acid and 5% acetonitrile, and subjected to high performance liquid chromatography (HPLC) on a Magic C18 column (0.1650 mm, Michrom BioResources, Inc., Auburn, CA, USA) using the MAGIC2002 HPLC system (Michrom BioResources, Inc.). The eluate from the column was directly mLin-7 and nectin Y Yamamoto et al introduced into a mass spectrometer. Using Solvent A (2% acetonitrile containing 0.1% formic acid) and Solvent B (90% acetonitrile containing 0.1% formic acid), a linear gradient program from 5 to 65% of Solvent B was carried out for 25 min at a¯ow rate of 0.5 ml/min. Electrospray ionization mass spectrometry analysis was performed in a positive ionization mode, using Q-Tof2 mass spectrometer equipped with a nanospray ionization source (Micromass UK Limited, Manchester, UK). Partial aa sequences were obtained by tandem mass spectrometry. Database search for identi®cation of proteins was performed using Mascot Search Program (Matrix Science Ltd., London, UK) against non-redundant database of National Center for Biotechnology Information.
Immunoprecipitation
Nectin-2a-full-and nectin-2a-DC-HSC-39 cells were suspended in 2.0 ml of Buer B (10 mM HEPES-NaOH at pH 7.5, 100 mM KCl, 1 mM MgCl 2 , 25 mM NaHCO 3 , and 1.0% Triton X-100), sonicated for 10 s three times at 3-min intervals, and incubated on ice for 30 min. The cell extract (6.4 mg of protein) was obtained by centrifugation at 100 000 g for 15 min, precleared with protein G Sepharose 4 Fast Flow beads (Amersham Pharmacia Biotech), and then incubated with 20 ml of the anti-nectin-2 mAb-coated protein G Sepharose 4 Fast Flow beads (Amersham Pharmacia Biotech) at 48C for 18 h. After the beads were washed with Buer B, the bound proteins were eluted by boiling the beads in an SDS sample buer for 10 min. The eluates were then subjected to SDS ± PAGE, followed by Western blotting.
Affinity chromatography
To examine the direct interaction of mLin-7C with nectin-2a or afadin, MBP-mLin-7C (80 pmol) was immobilized on 20 ml of amylose resin beads. GST-Nectin-2a-CP (400 pmol, 1 ml) or Myc-His6-afadin (400 pmol, 1 ml) was applied on the MBP-fusion protein-immobilized beads equilibrated with Buer C (20 mM Tris-HCl at pH 7.5, 150 mM NaCl, and 0.1% Triton X-100). After the beads were extensively washed with Buer C, elution was performed with Buer C containing 20 mM maltose. The eluates were subjected to SDS ± PAGE (12% polyacrylamide gel), followed by protein staining with Coomassie brilliant blue.
Other procedures
Wound healing assay of MTD-1A cells was performed as described (Ando-Akatsuka et al., 1999; Asakura et al., 1999) . Brie¯y, MTD-1A cells (5.0610 5 cells) were seeded on a 18-mm glass coverslip (Matsunami, Osaka, Japan) and cultured for about 48 h to be con¯uent. Then, the cells were scratched manually with a needle of 100-ml syringe (Hamilton Company, Reno, NV, USA). Wounded regions were allowed to heal for 2 ± 4 h, followed by immuno¯uorescence microscopy. Immuno¯uorescence microscopy of cultured cells was done as described Peng et al., submitted) . Protein concentrations were determined with bovine serum albumin as a reference protein (Bradford, 1976) . SDS ± PAGE was done as described (Laemmli, 1970) .
